Two techniques for monitoring corrosion within a dye-sensitized solar cell (DSC) system are presented, which enable continuous, high sensitivity, in situ measurement of electrolyte breakdown associated with DSCs fabricated on metals. The first method uses UV/Vis reflectance spectrophotometry in conjunction with encapsulation cells, which incorporate a 25 m thick electrolyte layer, to provide highly resolved triiodide absorption data. The second method uses digital image capture to extract colour intensity data. Whilst the two methods provide very similar kinetic data on corrosion, the photographic method has the advantage that it can be used to image multiple samples in large arrays for rapid screening and is also relatively low cost. This work shows that the triiodide electrolyte attacks most metals that might be used for structural applications. Even a corrosion resistant metal, such as aluminium, can be induced to corrode through surface abrasion. This result should be set in the context with the finding reported here that certain nitrogen containing heterocyclics used in the electrolyte to enhance performance also act as corrosion inhibitors with significant stabilization for metals such as iron. These new techniques will be important tools to help develop corrosion resistant metal surfaces and corrosion inhibiting electrolytes for use in industrial scale devices.
Introduction
Nanostructured dye-sensitized solar cells (DSCs) are a third generation solar cell, where production costs have the potential to be considerably lower than that of rival silicon PV devices [1] . The materials used are easily available, no specialised environments are needed for production, and the technology may also be incorporated onto flexible materials such as strip metal products [2] [3] [4] [5] [6] [7] . There is significant interest related to the fabrication of DSC technology onto cladding and roofing material as building integrated photovoltaics [8] .
The DSC is a photoelectrochemical device consisting of a dye-coated semiconductor photoelectrode and a counter electrode arranged in a sandwich configuration, with the interelectrode space filled with a liquid electrolyte, usually containing an iodine/triiodide (I 3 − /I − ) redox mediator. When dye molecules are excited by visible light, they inject electrons into the conduction band of a TiO 2 semiconductor support on which they are anchored. The role of the redox mediator in the electrolyte is to reduce the oxidised dye molecule back to the ground state, allowing a continuous production of electrons under illumination. The oxidized form of the redox mediator is reduced at the counter electrode according to (1) by electrons transported via an external electrical connection:
Although traditional devices employ conductive glass electrodes, the use of cheaper metal substrates to transport electrons from the semiconductor is desirable in large scale DSC devices since it will allow for continuous roll-toroll processing. The electrolyte used in DSC is known to corrode some industrial sheet metals such as zinc-coated carbon steel [2] . Titanium and stainless steel are possible flexible substrates for DSC [4, 5, [9] [10] [11] as they have been shown to be resistant to corrosion by the nonaqueous I 3 − /I − electrolyte [2] . The iodide present in the electrolyte is capable of depassivating an oxide covered metal surface (in an analogous manner to chloride ions) the reducing triiodide providing a facile cathodic reaction to couple with anodic metal dissolution. Recent work has confirmed that 2 International Journal of Photoenergy in addition to titanium, stainless steel and inconel (nickelchromium alloy) do not seem to corrode in the presence of the redox mediator used as photoelectrodes within a cell setup [12] [13] [14] . This confirms previous findings [4, 6] where both aluminium and copper electrodes were also found to corrode in systems with flexible polymer top sheets. However, despite the reported work described previously, no convenient quantitative method of studying the time-dependent interaction of metallic substrates with DSC electrolyte within a convenient timescale currently exists. The work reported here seeks to address this by describing two new rapid methods of characterising the reaction kinetics of tri-iodide with a wide range of potential metal substrates for DSC applications.
The reduction of the tri-iodide into iodide ions is characterised by a change in the electrolyte colour, yellow/brown to transparent, which in turn decreases the number of charge carrying species and leads to inferior device performance. The aim of this current study is to develop techniques which could allow in situ measurement of the corrosion rates of metals in sealed cells, without the need for ex situ sampling of the DSC electrolyte. We have adapted two techniques used in other areas of DSC study, such as dye uptake kinetics, namely, diffuse reflectance UV-visible spectrophotometry (DR-UV/Vis) and time-lapse digital photography [15] [16] [17] [18] . As both techniques employ thin electrolyte layers in contact with metal surfaces, any interaction of the coloured triiodide species with the metal can be rapidly quantified. Timeresolved UV/Vis spectrophotometry has been employed in order to monitor colour change within the thin electrolyte layer, enabling even subtle changes to be detected over considerable timescales. The time-lapse photography method, coupled with analysis of red, green, and blue (RGB) intensity values, enables a far greater number of cells to be studied in a single experiment.
Materials and Methods

Materials.
The metal substrates studied in this work, along with their purity and compositions, are shown in Table 1 . All of them were purchased from Goodfellow Metals Ltd.
Preparation of Model DSC Corrosion Cells.
Metal substrate coupons of dimensions 50 mm × 50 mm × 2 mm were firstly abrasively polished using 1200 grit silicon carbide paper (unless specified otherwise as in the case of aluminium), washed in water and mild detergent, and then rinsed with ethanol. The glass top layer used for the corrosion cell construction had dimensions of 50 mm × 50 mm and was also washed in water and mild detergent, followed by rinsing with ethanol. In order to replicate the environment in which DSC electrolyte and a metal substrate interact within a DSC, encapsulation corrosion cells were produced, where a 25 mm × 25 mm × 25 m volume of electrolyte was introduced to the metal through bonding the sections of glass to the substrate using a 25 m thick Surlyn (DuPont Ltd.) gasket that had been laser-cut to the required specifications. Holes of 0.5 mm diameter were conveniently drilled through the glass for the introduction of the redox electrolyte into the cell.
The electrolyte can vary significantly in its makeup related to inclusion of additives. The most basic redox couple consists of only lithium iodide and iodine dissolved in 3-methoxypropionitrile or acetonitrile. 4-tert-butylpyridine (TBP) or N-methylbenzimidazole are also widely added to the electrolyte and said to significantly improve open circuit voltage (V oc ) and cell efficiency due to their ability in reducing back reaction effects by blocking the triiodide molecule from interacting with the titania surface [19] . Additions of guanidinium thiocyanate are used to enhance ion transport efficiency [20] , and iodine-based ionic liquids such as 1-propyl-3-methylimidazolium iodide (PMII) are added to reduce viscosity and in turn enhance ion mobility within the electrolyte. In this experiment, a very simple DSC electrolyte solution was selected initially in order to isolate the effect of the iodide/tri-iodide redox couple without the interaction of the other electrolyte additives such as TBP or guanidinium thiocyanate. For this reason, unless otherwise stated, 0.1 M LiI and 0.05 I 2 dissolved in 3-methoxypropionitrile was prepared and introduced to each cell, respectively, by vacuum injection and the remaining hole sealed with Surlyn and a circular microscope coverslip. Subsequent experiments demonstrate the influence of TBP on substrate corrosion.
Time-Lapse DR-UV/Vis Spectrophotometric Analysis.
Metal photoelectrode corrosion activity was studied using a Perkin Elmer Lambda 750 S UV/Vis spectrophotometer with a 60 mm integrating sphere to monitor the absorbance change of the I 3 − redox mediator over time, when placed in contact with each metal substrate. The spectrophotometer was used in reflectance mode, and the encapsulation cells were placed against the reflectance opening of the integrating sphere so that only the electrolyte region was in the beam path and angled with respect to the beam so that the reflected light was carried to the detector as shown by the schematic representation in Figure 1 .
The monochromatic light beam was able to pass through the glass top layer and the 25 m thick electrolyte medium and can be reflected at the polished metal substrate. Experiments were carried out in situ using a time-lapse setup, where absorption spectra over a wavelength range between 300 nm and 800 nm were recorded at 5 minute intervals for 24 hours. The absorption spectra were analysed at the triiodide absorption wavelength (∼410 nm) to find the rate of I 3 − disappearance. Preliminary experiments were carried out in situ for the first 24 hours to capture any sudden disappearance of I 3 − . Metals which had not corroded in this time period were subjected to further ex-situ tests for longer time periods thereafter.
Both the change in RGB values and absorption spectra relating to I 3 − disappearance for the various metals were then compared in order to draw up a ranking of corrosion resistance.
Digital Time-Lapse Image
Acquisition. Digital image capture was trialled as a method of recording corrosion rates since it is far more convenient and cheaper than DR-UV/Vis. The aim was to evaluate whether the data obtained was consistent between the techniques. Digital images were collected in a dark room environment using a Canon Powershot G10 digital camera at 5 minute intervals for 100 hours from approximately 20 cm above the corrosion cells immediately after introducing electrolytes into each cell; the setup is shown schematically in Figure 2 . Consistent light was provided by a UV-filtered tungsten halogen lamp. Subsequent image analysis was carried out using a software package (Sigma Scan Pro), and the data was recorded in RGB format with colour intensity graded from 0 to 256 (dark to light), so numbers increased as corrosion proceeded. Average RGB values from selected regions of the electrolyte interaction area were then plotted against time, correlating to the rate of I 3 − disappearance. The samples were then photographed periodically beyond this time at longer intervals up to 1000 hours for signs of corrosion. 
Results and Discussion
The degradation phenomenon being studied here is the redox process occurring at the metal substrate/electrolyte interface. The metal is oxidised by the tri-iodide according to (2) :
where M is the metal substrate and refers to its oxidation state. The loss of colour observed is due to the triiodide being reduced to iodide ions. The two techniques presented here provide complimentary knowledge on the corrosion timescales of metals in contact with a typical dye-sensitized solar cell electrolyte layer. A range of different metals has been tested to demonstrate the techniques with an initial focus on iron and titanium representing differing performance in electrolyte exposure tests. Firstly, considering the DR-UV/Vis method, the timedependant changes in absorption spectra for both iron and titanium following addition of the electrolyte are shown for illustration in Figures 3(a) and 3(b) .
By using the decrease in the I 3 − absorption maxima, a plot of absorbance over time can be generated as shown in Figure 4 . This enables identification of the point of corrosion onset and completion (i.e., when no further colour change is observed). Performing single sample UV-Vis analysis over 100 hours timeframe is not a viable tool for industrial analysis; therefore, an analogous tool was developed using time-lapse photographic imaging. The rate of change of the I 3 − is demonstrated for iron and titanium for both techniques in Figure 4 .
There is a clear correlation between the observed change in the DR-UV/Vis absorption values and the average RGB value. This suggests that both techniques can be used for corrosion analysis with the photographic method having the advantages of cost and the ability for simultaneous sample analysis.
The corrosion of iron, shown in Figure 4 , is significant since it is perhaps the most important structural metal that DSC could be applied to in large areas for roofing and walling. Previously published work has suggested that carbon steel surfaces show little evidence of degradation in the presence of the DSC electrolyte [2] . Here, as shown in Figures 3 and 4 , this has been observed to occur within 2 hours for both analytical methods. For the encapsulation cell experiments carried out here, it was observed that a rapid decrease in the I 3 − concentration was observed immediately and continued over the ensuing 2-hour period. A complete and irreversible disappearance of the I 3 − occurred as shown in Figure 4 . The subtle variation in the apparent corrosion times between the two methods reflects the slight changes in electrolyte volume within each encapsulated cell. This is quite difficult to control accurately since the seal is made using a heated Surlyn gasket which, although nominally 25 m, is subject to compression. The corrosion of iron seen in this work is not consistent with previous observations of carbon steel corrosion. However, these authors immersed the steel in significantly larger volumes of DSC electrolyte than the estimated 0.015 cm 3 quantity introduced to the encapsulation cells employed here. This result illustrates the importance of studying the corrosion in assembled model cells rather than in immersion conditions. In our system, there was no visible iron corrosion at the point of complete electrolyte discolouration. The result raises significant doubts about the suitability of carbon steel as a potential DSC substrate because the stability in the presence of I 3 − is temporary. The tests carried out in Figures 3 and 4 have used a simple three-component electrolyte. Typically other components are added to enhance the photovoltaic performance of the device such as nitrogen containing heterocyclics. The most popular electrolyte addition is tert-butylpyridine (TBP) which adsorbs onto bare TiO 2 and suppresses back electron transfer to the electrolyte from the TiO 2 conduction band [21] . TBP is used most frequently at 0.5 M concentration. Figure 5 shows the result of electrolyte colour change with and without TBP recorded using the photographic method.
As mentioned previously, the disappearance of the triiodide is complete within 2 hours using an electrolyte that does not contain TBP; however, when it is included (at 0.5 M) in the electrolyte, no corrosion is observed, even for periods of many months. This is a critical finding in the measuring of corrosion phenomenon in contact with dyesensitized solar cell electrolytes and can go some way to explain the discrepancies in the literature on performance International Journal of Photoenergy [ 2, 22] . Often nitrogen containing heterocyclics are used in different forms (tert-butylpyridine, benzimidazole, etc.) without consideration to their effect on the corrosion of the substrate. Clearly, the TBP acts as a corrosion inhibitor on the surface of the iron, improving its corrosion resistance in the presence of the I 3 − /I − electrolyte. For clarity and to elucidate the corrosiveness of the iodide/triiodide couple, the TBP has been left out of the electrolyte for the rest of the programme described here. Further experimentation is underway to determine if additive corrosion inhibition can affect stability of electrolytes and this will be reported separately.
Encapsulated model DSC corrosion cells prepared on titanium substrates showed an exceptionally stable outcome over the time period of the experiment; this is clearly shown in Figure 4(b) . No change in average intensity or triiodide absorbance data was observed over the experiment timeframe and is consistent between both techniques. This is an entirely expected result as titanium is presently considered to be the substrate of choice for metal-based dye-sensitized solar cells [3, 5, 8] .
The obvious expense associated with titanium for large scale manufacture is driving the search for alternative substrate materials. A range of metals was then tested to identify stable materials using the simple RGB method described previously. The performance of these materials is presented in Table 2 and discussed separately with an initial focus on architectural substrates such as zinc and aluminium. Table 2 illustrates that many of the structural metals could be used either in their own right or as alloying elements or metallic coatings for iron which may suffer from corrosion (in the absence of corrosion inhibiting species such as TBP). This data is also important in illustrating once more the value of the photographic method. Although rapid corrosion kinetics can be recorded with the DR-UV/Vis method, obviously the photographic method is more convenient for items that resist corrosion for longer.
Zinc and Aluminium.
Zinc and aluminium are used as metallic coatings for iron in commercial structural metals applications. Of the metals in the various encapsulation cells prepared in this study zinc (Zn) substrates by far show the most rapid reaction with the electrolyte solution. At the instant the I 3 − containing electrolyte was introduced to the Zn encapsulation cells a visible loss of colour was detected. Within 2 min, the electrolyte layer had become colourless, signifying the complete reduction of I 3 − to I − according to reaction (2) and the subsequent oxidation of metallic zinc to release Zn 2+ ions. The overall reaction is represented by (3) as follows.
The poor corrosion resistance of Zn observed here confirms the findings of Toivola et al. [2] using a method based on the immersion of metal coupons in millilitre quantities of DSC electrolyte. Although these authors state that the reaction takes place over a series of days, their findings are not inconsistent with the speed of reaction observed in this present study as the absolute quantity of I 3 − used here in the encapsulation cells will be several orders of magnitude less and will consequently be completely consumed more rapidly. The findings therefore suggest that any metal strip product incorporating a galvanizing technology as corrosion protection would also be wholly unsuitable as a potential substrate for direct fabrication of DSCs. Further work is in progress to evaluate how corrosion inhibiting species in the electrolyte are able to stabilise the corrosion reactions.
The corrosion of aluminium in the presence of the electrolyte has been reported by others [6] . In our investigation, preliminary experiments carried out on as-received aluminium substrates of varying purity showed, perhaps surprisingly, that rates of tri-iodide disappearance were negligible over a timescale of many days. However, further experiments using the same substrates following abrasive cleaning gave contradictory findings, where complete removal of tri-iodide was observed over the same durations. Therefore, key to the initiation of corrosion on Al is the nature of surface treatment. The as-received substrate will comprise an airformed surface oxide layer which as these tests demonstrate possesses sufficiently effective barrier properties to protect the underlying metal from oxidation via reaction (2). Surface abrasion not only removes this original protective layer, but is also well known to introduce a surface activated layer, with significantly different corrosion behaviour to the bulk [23] . This phenomenon has been reported on 3000, 5000, 6000 and 8000 series aluminium alloys and can lead to rapid chlorideinduced filiform-like corrosion on organic coated substrates [24] [25] [26] [27] [28] [29] . It has been proposed that micrograining of the surface layer, induced by abrasion, produces a significant anodic activation compared with the alloy bulk [30, 31] . In this work, it can be seen that the aluminium samples even with relatively low purity can resist corrosion, providing that they are not subjected to initial surface abrasion. Figure 6 shows the difference between as-received and abraded Al specimens of 99.9% purity, where the abraded sample has reacted to completely remove triiodide from the electrolyte layer within 20 hours, whilst the nonabraded Al remains stable. It is also evident from Table 2 that the rate of reaction obtained for abraded Al specimens is highly dependent upon purity. The observed rate of disappearance of tri-iodide is approximately 7-fold higher in the presence of a low purity (99.0%) specimen than observed for higher purity (99.999%) Al. It is proposed that the increase in rate results from the greater availability of transition metal impurity phases, which in turn will provide a greater number of sites of high electrocatalytic activity for the reduction of tri-iodide.
Nickel, Chromium
, and Nickel-Chromium Alloys. Pure nickel, chromium, and Inconel 625, a nickel chromium alloy were also investigated as potential substrates. It is clear from this data that Ni exposed in our system corrodes. It should be noted that Ma et al. [6] found nickel to be stable in an I 3 − /I − electrolyte solution. Here, again, we have used very small electrolyte volumes in the cells and so there is extremely high sensitivity to even small amounts of corrosion. It is also the case that with these authors a more fully formulated electrolyte was used and this further raises the intriguing possibility that nonelectron mediating components of the electrolyte may be playing a role in substrate corrosion inhibition. The alloy Inconel 625's performance over the 1000 hours time period seems to be stable regarding corrosion and this is consistent given the demonstrated manufacture of cells on this substrate [12, 32] .
Molybdenum, Tungsten
, and Stainless Steel. The final group of potential metal substrates tested was better known for their corrosion resistance when exposed to more aggressive environments. Stainless steel, molybdenum, and tungsten showed stability with a DSC electrolyte environment even in the absence of any corrosion inhibiting additives. Encapsulation cells prepared on these substrates showed an exceptionally stable outcome over the time period of the experiment. No change in average intensity or tri-iodide absorbance data was observed over the experiment timeframe.
Conclusion
The two methods reported here for monitoring the colour of the electrolyte exposed in a confined environment based on tri-iodide provide complimentary insights into the corrosion of metal substrates for dye-sensitized solar cells. It is important to use manufactured model cells since these reflect the real corrosion atmosphere upon exposure. The very small quantities of electrolyte also highlight corrosion issues prior to any observable corrosion on the metal surfaces. Key findings of this initial study are that titanium, tungsten, molybdenum, chromium, Inconel, and stainless steel demonstrate stability in the presence of a simple DSC electrolyte formulation. These materials can therefore be considered as potential substrates for DSC manufacture. The issue then is cost.
Iron, however, is not resistant to corrosion, whereby carbon steel has been reported as stable in some literature. In the case of iron, this is likely to result from the corrosion inhibiting effects that certain electrolyte additions have, which we have also demonstrated. Further work is in progress to evaluate how nitrogen containing heterocyclics can influence the corrosion reactions on iron and other metals since they may offer a lifetime extension and expand the range of stable metals that can be used.
Aluminium (99.9%) does not corrode over many months exposure in a model cell. However, surface preparation by abrasion activates the surface and even aluminium with higher purity (99.999%) will corrode at this point. Again, 7 this is important information since in any manufacturing environment it is likely that surface damage could occur and activate the material. Overall, the photographic method with image analysis is perhaps the most convenient of the two techniques since it is cheaper and allows for simultaneous multi-sample analysis.
